Radial electron plasma oscillations excited by a laser wake field are measured by frequency domain interferometry. In the nonlinear regime we observe two important effects: (i) an increase of the oscillation frequency and (ii) the damping of the oscillation in a few plasma periods. Simulations show that this last effect is related to the presence of a steep radial density gradient near the focus edge.
The electrostatic field associated with an electron plasma wave (EPW) can reach hundreds of GV͞m and can have a relativistic phase velocity, making it very attractive in compact high energy particle accelerators or sources [1] . The ponderomotive force of an intense laser pulse can excite such waves via the laser beatwave (LBW) [2] , the laser wake field (LWF) [2] or the self-resonant LWF (SRLWF) processes [3] . Several experiments have observed the acceleration of injected electrons by the LBW [4] [5] [6] [7] and the LWF [8] , or of background electrons by the SRLWF [8, 9] . Electric fields of the order of the GV͞m for the LBW or the LWF, and of 100 GV͞m for the SRLWF have been produced. An overview of these methods and experiments can be found in Ref. [10] . If these experiments have demonstrated the feasibility of each concept, direct measurements of the EPW have been done only in LBW experiments [5, 7] .
Radial (cylindrical) electron density oscillations produced by the LWF process have recently been observed by frequency domain interferometry of short laser pulses. The oscillations have been measured with a temporal resolution much better than the electron plasma period [11, 12] and spatial resolution along the radius [11] . In this Letter we present measurements of the nonlinear frequency shift predicted by Dawson [13] and of the damping of the radial oscillations. The results are compared with numerical simulations.
The basic theory of the cylindrical LWF, the frequency domain interferometry diagnostic, the experimental setup and procedure have been presented in detail in a previous publication [11] . We summarize here the experimental parameters. The LOA 10 Hz Ti:sapphire laser delivers pulses with an energy of 40 mJ, a duration of 130 6 10 fs (FWHM), and a wavelength of 0.8 mm. 20% of this incoming beam is used to create the probe beam. It is frequency doubled and sent to a Michelson interferometer to generate two collinear pulses of adjustable time separation. The time delay between the pump and the probe pulses is varied with a delay line. The pump and probe pulses are collinearly propagated and focused in a chamber backfilled with helium gas. The gas pressure is controlled with a precision of 60.001 mbar by a capacitance manometer. The pump beam has a s 6 6 1 mm focal spot radius (1͞e in intensity), while the probe radius is 140 mm. The maximum pump intensity is 2 3 10 17 W͞cm 2 , leading to fully ionized helium gas around the focus [14] . The focal plane is imaged on the slit of a spectrometer. The time separation of the two probe pulses is adjusted to 1.5T pe (T pe 2p͞v pe is the EPW period for fully ionized helium), so that the phase difference between the two pulses is due to the peak to peak density perturbation. The spectrometer grating stretches the two probe pulses ͑ഠ60 ps͒ and makes them overlap in time. The temporal beating creates a system of fringes in the frequency domain. The position of the fringes depends on the relative phase between the two pulses. The fringes at the output of the spectrometer are recorded on a 16 bit charge-coupled device camera. The horizontal axis gives the position of the fringes (related to the density perturbation), and the vertical axis gives a one-dimensional spatial (radial) resolution.
A typical result of the relative phase measurement is shown in Fig. 1 . The horizontal axis is the time delay between the pump and the probe pulses, while the vertical axis is the spectrometer slit axis. The left part 1(A) of this image corresponds to the case where the pump pulse is between the two probe pulses. The measured phase shift comes from the plasma formation. Its amplitude and spatial extent represent the integration along the laser axis of the regions one and two times ionized. The right part 1(B) of the image starts when the second probe pulse enters the plasma. The continuous phase shift vanishes, and only the oscillating phase shift coming from the plasma perturbation (due to the EPW) remains. Because 0031-9007͞97͞78(18)͞3463(4)$10.00VOLUME 78, NUMBER 18 the laser wake field is significant only in regions of high laser intensity, the phase shift in part 1(B) has a much smaller extent (pump focal spot diameter) than in part 1(A). More details on these spatial profiles can be found in Ref. [11] . Figure 2 gives the maximum phase shift measured on the laser axis, as a function of the electron density (assuming a fully ionized He gas). Each point is an average of 40 shots at 10 Hz. It shows the LWF quasiresonance in dn. The relation between the phase and the density perturbation is obtained by integrating the perturbation along the laser axis. For a cylindrical EPW [11] , dn is proportional to s 24 s 24
, so that the phase difference is Df p 2 ͑dn max ͞n c1 ͒ ͑z R ͞l 1 ͒ exp͓2͑v pe t 1 ͞2͒ 2 ͔, where l 1 and n c1 are the probe wavelength and its critical density, and where z R 2ps 2 ͞l is the pump Rayleigh length. The solid line is a numerical fit using the expression of dn r Av pe t exp͓22͑v pe t͞2͒ 2 ͔ obtained from the linear theory [15] , where the adjustable parameters are an amplitude A and the pump and the probe pulse duration t. The factor 2 in the exponential comes from the temporal convolution induced by the probe pulse temporal envelope: For a Gaussian envelope and a sinusoidal perturbation, the convolution decreases the phase shift by exp͓͑v pe t 1 ͞2͒
2 ͔, where t 1 is the half width at 1͞e in intensity of the probe pulse. The best fit is obtained for t 84 fs ͑FWHM 140 fs͒, in good agreement with the laser pulse duration. The product z R dn͞n e obtained from the above formula is presented in Fig. 2 (empty circles) . The dashed line is a numerical fit using the expression of dn͞n e B exp͓2Cv 2 pe ͔͞v pe obtained from the linear theory [11, 15] . In opposition with longitudinal oscillations where both dn and dn͞n e present a resonance, one can see that radial oscillations have no resonance in dn͞n e , and that the lower is n e , the larger is dn͞n e . In this experiment z R ഠ 100 mm so that the relative density perturbation at the focus is dn͞n e ഠ 10% at the resonance in dn ͑n e ഠ 10 17 cm 23 ͒ and reaches dn͞n e ഠ 100% for n e # 10 16 cm 23 .
An example of the phase shift (along the laser axis) versus time (pump-probe delay) is presented on the lineout of Fig. 1 . We applied to these curves a numerical fit of the form Df max exp͓2g͑t 2 t 0 ͔͒ sin͓v p ͑t 2 t 0 ͔͒. The damping rate g and the frequency v p of the electron oscillations are deduced from these fits. The relative difference ͑v p 2 v pe ͒͞v pe between the measured frequency v p and the theoretical linear plasma frequency is presented in Fig. 3 as a function of the electron density n e . A positive shift (frequency higher than the theoretical linear frequency) can be clearly seen. It increases when the electron density decreases, and reaches 5% for n e ഠ 10 16 cm 23 . The results of the numerical code WAKE originally developed by Mora and Antonsen [16] have been added on this figure (empty triangles). It is a 2D (cylindrical), fully relativistic particle-in-cell code, where the laser field acts on the particles via the ponderomotive force. The new version of the code used here simulates also the plasma formation (by tunneling ionization), the propagation of the two frequency doubled probe pulses, the imaging lens, and the time domain interferometry. Only the residual energy produced during the ionization is not self-defined but controlled by giving to the generated electrons a Maxwellian radial velocity distribution. The frequency shift calculated by the code is in good agreement with the measurements. Let us note that even if the density perturbation is nonlinear, the code indicates that the measured phase shift still has a sinusoidal time evolution and a radial profile very close to the one obtained from linear theory. This is due to the temporal convolution over the probe pulses, and to the integration along the laser axis. Applying the above fit on much later periods (where the EPW amplitude is smaller) shows that the shift disappears, both in the experiment and in the simulations. This indicates that the shift does not come from an uncertainty in the pressure measurement or from the delay-line calibration, but is related to the nonlinear amplitude of the EPW. Few mechanisms can modify the electron plasma frequency. In a hot plasma the frequency increases: v 22 , in good agreement with the experiment. However, the code WAKE shows that the electron temperature does not affect so much the plasma frequency: Changing the temperature from 0 to 50 eV leads to a period shift of a few 10 23 , which is ten times less than the simple model. In addition, the fact that the shift disappears after a few periods indicates that it does not come from the electron temperature, and that the above simple model might overestimate the wave number k. The plasma period can also be modified when the electrons of the EPW reach relativistic velocities [17] . This shift has recently been observed by Modena et al. in SRLWF [18] . The increase of the electron mass induces a decrease of the frequency (negative shift). Our simulations show that the velocities of the electrons do not exceed y͞c ഠ 0.1 (at n e 10 cm 23 ), which leads to a shift of only 20.25%. For multiple dimension oscillations, two other effects induce a frequency modification. When an electron has an elliptic motion, current loops and magnetic field are produced [19] . The magnetic field deflects the electron motion to third order in amplitude, which induces a decrease of the electron plasma frequency. In the case of nonlinear cylindrical electrostatic oscillations [13] , the radial displacement of an electron away from the center of symmetry produces a charge density at the center which is greater than in planar geometry. This produces a stronger restoring electric field and leads to an increase (positive shift) of the electron plasma frequency [Dv p ͞v pe ഠ ͑dr͞r 0 ͒ 2 ͞12, where dr is the electron displacement from its initial position r 0 , and dr͞r 0 ø 1]. The total frequency shift depends on the relative amplitudes of the thermal, the relativistic, the electrostatic, and the magnetic effects, or in other words, on the oscillation geometry and amplitude. In the context of the laser beat-wave accelerator, Bell and Gibbon [20] have shown that these effects can have similar amplitudes and comparable spatial profiles. The code WAKE includes all these effects. Both measurements and simulations indicate that the electrostatic effect (frequency increase) is predominant in this experiment.
From the numerical fit presented in the previous paragraph, we have also deduced the damping rate g. It is presented in Fig. 4 as a function of the background density n e . The empty triangles are the results of the code WAKE. At high electron density ͑.10 17 cm 23 ͒, the damping is very slow (tens of periods) and our measurements have not been made to sufficiently late times to give a precise measurement of g. The solid line is a linear fit and shows that g͞v p decreases roughly like 1͞n e . Several mechanisms can attenuate the oscillation. One of them is the fine scale mixing [13] : The frequency of the oscillations depends on their amplitudes (cf. Figs. 2 and  3) . Electrons with different equilibrium radii have different frequencies. After some time, crossings of electrons can occur and induce a damping. With a maximum frequency shift of 5% at n e 10 16 cm 23 , electrons should appear with opposite phases after at least ten periods, which is five times longer than the observed damping. Another possible mechanism is the convection: The density perturbation propagates at the group velocity y g ≠v͞≠k, where v (top graph), and the other in a tunneled-ionized helium gas (bottom graph). They show the electron radial trajectories at the laser focal plane. At time 0, the electrons begin to feel the ponderomotive force of the pump laser pulse and move away from the focus. After the laser pulse, the electrons are pulsed back by the electrostatic field and oscillate at the plasma frequency. In the homogeneous plasma, this oscillation decreases quietly with time. In the case of a plasma created by tunneling ionization, two steep density gradients exist: at the He 21 ͞He 1 and the He 1 ͞vacuum interfaces. When it is pushed by the ponderomotive force of the laser pulse, an electron close to the He 21 ͞He 1 interface can explore the He 1 region or the vacuum. Thus it does not follow the collective motion of the EPW and can come back into the plasma after a few oscillations of the EPW. These electrons are not in phase with the EPW and destroy the oscillation. This damping mechanism is more important at low density because the electron excursion increases with dn͞n (cf. Fig. 2 ). Let us note that it is a little bit slower (two times at 10 16 cm 23 ) in a cold plasma but still remains important. A similar plasma edge effect has been observed in PIC simulations by Bonnaud et al. [21] in the case of an EPW excited in a planar geometry (longitudinal LWF) and in a cold plasma.
In conclusion, we have presented the first observation of the damping of an electron plasma oscillation excited by the laser wake-field process. The damping time (expressed in electron plasma periods) is linear with the electron density. It goes from two periods at 5 3 10 15 cm 23 to tens of periods for densities above 10 17 cm 23 . Our simulations suggest that the presence of a steep density gradient at the focus edge leads to the oscillation destruction. The frequency of the oscillations becomes larger than the linear electron plasma frequency for nonlinear EPW amplitudes. This constitutes the first observation of the frequency modification associated with nonlinear electrostatic oscillations excited in cylindrical geometry. Let us note that the plasma frequency increase and damping mechanisms we describe in this paper should not appear in the LWF accelerators, the electron oscillation of the EPW being longitudinal in that case.
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